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The sequences of the circular viroid-like RNA 2 (virusoid) from two isolates of lucerne transient streak virus (LTSV) 
have been determined. They both contain 324 residues and share 98”/o sequence homology. The proposed secondary 
structures fit a highly base-paired rod-like model as shown previously for viroids and two other virusoids, velvet obacco 
mottle virus (VTMoV) and Solanum nodiforum mottle virus (SNMV). Except for one region of sequence and positional 
homology (GAUUUU, residues 21-26) LTSV virusoid exhibits limited homology with all presently known virusoids, 
including those from VTMoV, SNMV and subterranean clover mottle virus. 
Lucerne transient streak Circular RNA 
1. INTRODUCTION 
Lucerne transient streak virus (LTSV) [l-3] 
belongs to a group of novel single-strand RNA 
plant viruses which also includes velvet tobacco 
mottle virus (VTMoV), Solanum nodiforum mot- 
tle virus (SNMV) and subterranean clover mottle 
virus (SCMoV) [4-61. They are allied to the 
Sobemo-virus group of plant viruses [7] but usual- 
ly contain two rather than one major encapsidated 
single-strand RNA species. The larger RNA, RNA 
1, is a linear molecule of about 4500 residues while 
RNA 2 is a circular, covalently closed molecule of 
300-400 residues with physical characteristics 
similar to another group of plant pathogens, the 
viroids [8,9]. These encapsidated, viroid-like 
RNAs have been termed virusoids [lo]. The se- 
quences of RNA 2 of VTMoV and SNMV have 
been reported [ 111. 
We report here the sequence and proposed 
secondary structure of the virusoids of two isolates 
of LTSV, one from Australia (LTSV-A) [l] and 
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Virusoid structure RNA sequencing 
the other from-New Zealand (LTSV-N) [2]. In the 
case of LTSV-N, the RNA 2 is satellite-like since 
its replication is dependent on the presence of 
RNA 1 which is capable of autonomous replication 
[12]. A similar situation presumably exists for 
LTSV-A and for the isolate reported from Canada 
[131. 
2. MATERIALS AND METHODS 
The two isolates of LTSV, LTSV-A and LTSV- 
N, were kindly provided by Dr R.I.B. Francki 
(Waite Institute, Glen Osmond SA). Viruses were 
purified from infected Chenopodium quinoa for 
LTSV-A and from Nicotiana clevelandii for 
LTSV-N. Viral RNAs were extracted essentially as 
in [3] and fractionated by electrophoresis on 4% 
polyacrylamide, 7 M urea gels in 90 mM 
Tris-borate (pH 8.3), 2 mM EDTA. RNA bands 
were located by staining with toludine blue and 
RNA 2 eluted from the gel slice by soaking in 
0.5 M ammonium acetate, 1% sodium dodecyl 
sulphate, 1 mM EDTA [14]. 32P-Labelled 
nucleotides were obtained from Bresa Pty. Ltd. 
(Adelaide SA). 
The two purified virusoids were sequenced by 
the partial enzymic digestion technique, essentially 
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as in [ 141. In addition, circular RNA 2 was lineariz- 
ed by heating at 100°C for 2.0 min in 10 mM 
Tris-HCl (pH 9.0) and converted to double-strand 
cDNA as in [15]. TuqI and MspI restriction en- 
zyme fragments were then ligated into the AccI site 
of the replicative form of the bacteriophage vector 
M13mp73 using T4 DNA ligase [ 161. Hoe111 
restriction enzyme fragments were also cloned as 
above into the SmaI site of the replicative form of 
M13mp93. Recombinant phage were screened for 
LTSV RNA 2 inserts by sequencing [171 using a 
specific Ml3 primer, TC3AGTCACGACGT (New 
England Biolabs, Walt,ham MA). 
3. RESULTS 
3.1. Sequencing procedure 
The approach used successfully for the sequenc- 
ing of VTMoV RNA 2 and SNMV RNA 2 [l 11, 
LTSV-A RNA 2 
. 20 . 
chrysanthemum stunt viroid (CSV) [14], citrus ex- 
ocortis viroid (CEV) [15], avocado sunblotch 
viroid (ASBV) [ 181, and coconut cadang-cadang 
viroid (CCCV) [11] was also used here. Purified 
circular RNA 2 of each of the two isolates of LTSV 
was partially digested with RNases Ti, UZ and A 
and the exposed 5 ’ -ends of the fragments labelled 
using [Y-~~P]ATP and T4 polynucleotide kinase. 
The 5 ’ -1abelled fragments were then fractionated 
by denaturing polyacrylamide gel electrophoresis, 
eluted and sequenced using the partial enzymic se- 
quencing procedure [14]. Both RNA 2 isolates 
were completely sequenced by this method except 
for some ambiguity in two regions of the molecule 
(residues 125-130 and 195-210; fig.l,2) which 
were poorly digested by the single-strand-specific 
RNases used for sequencing and gave band com- 
pression on sequencing els [ 141. It also proved dif- 
ficult to obtain overlapping fragments correspon- 
40 . 60 - 
CGAGC”GCGCAGGGGGCCGAGAUUUUGAUUCGGACUGG”AGGAAGAUAGGAUGG “CGAC 
CGAGCUGCGCAGGGGGCCGAGAUUUUGAUUCGGACUGGUAGGAAGAUAGGAUGGA CGAC 
. 20 . 40 . 
e 
60 
LTSV-N RNA 2 
. 60 100 120 
UCUCUCCAGCCUACCAAGUUGGACUUGGU~GGGAGACCCAAUUGAGCGG~CGUUUCGGCC 
UCUCUCCAGCCUACCAAGUUGGACUUGGUGGGGAGACCCAAUUGAGCGGACGUUUCGGCC 
. 80 . 100 . 120 
. 140 . 160 166 
UGCCAUGGCCUCAUCAGUGAGACGGC~CAG”CAGUCUCAUACGUCU~AGCG”GAUAC 
UGCCAUGGCCUCAUCAGUGAGACGGC 
. UO 
G A UCAGUCAGUCU,CoAUACGUCUGAGCGUGA”AC . . 179 
. 206 220 240 
CCGCUCACUGAAGAUGGCCCGGUAGGGCC~AAACGUACUCAAUUGAGGG~GCUAC”“CAC 
CCGCUCACUGAAGAUGGCCCGGUAGGGCCGAAACGUACUCAAUUGAGGGGGCUACUUCAC 
180 . 200 . 220 . 239 
300 320 324 
AUCDCUGUCA;CGUCCAGGCAGCUU 
CUGUCAUCGUCCAGGCAGCUU 
320 324 
Fig. 1. Nucleotide sequences of RNA 2 of LTSV-A and LTSV-N. The circular RNAs are presented in a linear form and 
are aligned for maximum sequence homology. Residue 1 corresponds to the left-hand end of the secondary structure 
models of fig.2. The sequence differences between the two RNAs are boxed. 
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ding to the right-hand loop in the proposed secon- 
dary structure (fig.2) due to the marked sensitivity 
of this region to nuclease digestion. These dif- 
ficulties were resolved successfully by cloning 
double-strand cDNA fragments into the replicative 
form of the bacteriophage vectors M13mp73 and 
M13mp93 and sequencing the cloned inserts by the 
dideoxynucleotide chain termination method. 
RNA 2 of one isolate, LTSV-A, was sequenced 
completely by both methods. 
3.2. Sequence and proposed secondary structure 
of RNA 2 from L TSV-A and L TSV-N 
The sequences of both isolates of LTSV RNA 2 
are given in fig.1. Although the RNAs are 
covalently closed circular molecules, the sequences 
are presented in linear form for convenience and 
ease of comparison. Both species contain 324 
residues and share extensive sequence homology 
with only 8 residues different. About half of these 
differences are in one small region of the molecule 
between residues 290 and 303 (fig.1). 
Secondary structure models for the two RNAs 
were constructed as in [19] and are given in fig.2. 
Both RNAs form extensively base-paired rod-like 
structures which are similar to those described for 
viroids [9] and for the 2 circular virusoids of 
VTMoV and SNMV [l 11. The structures are con- 
sistent with the known sites of high sensitivity to 
RNases under the conditions of high salt concen- 
tration and low temperature used to generate 
specific RNA fragments for direct enzymatic se- 
quencing [14]. Thus, the terminal single-strand 
hairpin loops and two internal regions (residues 
43-48 and 227-231 in fig.2) were especially 
susceptible. 
The properties of the <proposed secondary struc- 
tures of the virusoids of LTSV are summarized in 
table 1 and are compared with those of the publish- 
ed structures of RNA 2 from VTMoV and S.NMV 
[14], and of 5 viroids, potato spindle tuber viroid 
(PSTV) [20], ASBV [18], CSV [14], CEV [15] and 
CCCV [lo]. All RNAs, except ASBV, contain a 
similar proportion of G: C basepairs while the 
percentage of residues base-paired varies in the 
narrow range from 66-73010. Circular RNA 
molecules of random sequence and the same size as 
viroids were calculated to contain about 55% of 
their residues base-paired [21]. The ther- 
modynamic properties of the proposed models for 
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Table 1 
Properties of proposed secondary structures for two isolates of LTSV RNA 2 and other virusoids and viroids 
RNA No. of No. basepairs G:C base- Residues A Ga AG/No. of Ref. 
residues pairs (@IO base-paired (kJ/mol) residues 
A:U G:C G:U of total) (Q) at 25°C in 
1 M NaCl 
LTSV-A RNA 2 324 40 65 11 56 72 -440 - 1.36 Here 
LTSV-N RNA 2 324 42 61 12 53 71 -445 - 1.37 Here 
VTMoV RNA 2 365 39 72 13 58 68 -350 - 0.96 1111 
SNMV RNA 2 377 41 76 20 55 73 - 455 - 1.21 1111 
ASBV 247 43 28 12 34 67 - 280 - 1.13 U81 
PSTV 359 37 73 16 58 70 -610 - 1.70 [201 
csv 356 44 64 16 52 70 -540 - 1.52 [I41 
CEV 371 34 72 18 58 67 -590 - 1.59 t151 
cccv 246 20 55 6 68 66 - 320 - 1.30 WI 
a Parameters for calculation provided by Dr D. Riesner et al. (personal communication) 
the LTSV RNAs 2 were calculated using values 
kindly provided by Dr D. Riesner et al. (personal 
communication) and are compared with those 
calculated for the other RNAs. The value of 
- 440 kJ/mol for LTSV-A RNA 2 (table 1) is con- 
sistent with its thermal denaturation properties in 
which LTSV-A RNA 2 gave a Tm of 70°C in 
0.15 M NaCl, 0.015 M sodium citrate (pH 7) [3]. 
Under the same conditions, VTMoV RNA 2 and 
SNMV RNA 2 gave Tm values of 57’C and 64”C, 
respectively [S] . 
3.3. Possible polypeptide translation products 
from LTSV RNA 2 species and their 
complements 
Although eukaryotic ribosomes do not interact 
with circular RNAs [22], sub-genomic linear 
fragments derived from either the infectious plus 
strand or its complement could act as mRNAs. 
Thus, 7 potential polypeptides are encoded by 
RNA 2 and its complement for each of the isolates 
of LTSV (fig.3). All possible translation products 
are <75 amino acids long; the gene coding for the 
coat protein (about 300 amino acids [2,6]) must 
therefore reside in the RNA 1 species. Despite the 
considerable sequence homology between the 2 
virusoid isolates of LTSV, only 2 of these polypep- 
tides, of 6 and 29 amino acids (fig.3), are shared 
between the isolates. This limited conservation of 
possible translation products between the highly 
188 
Fig.3. Possible polypeptide products of RNA 2 of 
LTSV-A and LTSV-N in (A) and their putative 
complementary RNAs (B) are shown in schematic form. 
Each possible translation product is given with the 
residue number of the first residue of the AUG initiation 
codon and termination codon in parentheses. For the 
complementary sequences, the same residue numbers are 
retained and therefore run in the 3 ’ -to-5 ’ direction. The 
clear areas represent regions of ammo acid sequence 
homology and the black areas of non-homology for each 
group of polypeptides. Inverted triangles indicate sites 
of internal methionine residues. 
conserved RNA 2 species of the two LTSV isolates 
suggests that they may lack functional mRNA ac- 
tivity in vivo. This property is characteristic of 
viroids [23] and of the satellite RNA of tobacco 
ringspot virus [24]. 
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LTSV-A RNA 2 4. DISCUSSION 
In overall structure, RNA 2 of LTSV resembles 
both the viroids and the virusoids of VTMoV and 
SNMV in consisting of small single-strand 
covalently closed circular RNA molecules with ex- 
tensive base-paired regions interspersed with 
single-strand regions. Although the predicted free 
energy of LTSV RNA 2 is similar to that of 
VTMoV RNA 2 and SNMV RNA 2 (table l), the 
smaller size of LTSV RNA 2, its higher T, and 
greater resistance to ribonuclease (not shown) in- 
dicates that it is more stable than the other two 
virusoids. LTSV RNA 2 may show, therefore, 
hydrodynamic properties more closely related to 
viroids such as PSTV and CCCV which 
demonstrate greater stiffness in solution than the 
RNA 2 species of VTMoV and SNMV [25]. 
. . . . . . . . . . . . 
CUCUA CUA GCCU 
U 
LTSV-N RNA 2 
UC AAACUAA CUU 
cu C 
VTMoV RNA 2 
. . . . . . . . . . . 
GAC GUCAA CGG 
C C 
uU” 
SNMV RNA 2 
. . . . . . . . . . . . 
AC GGUCGGGUGG 
c c 
AU 
SCMoV RNA 2 
GCUU AC UCCAC 
UC 
Fig.4. Portion of the predicted native structures of RNA 
2 of LTSV-A and LTSV-N that share sequence 
homology with RNA 2 of VTMoV and SNMV [l l] and 
SCMoV [26]. Solid boxes indicate sequence homology in 
all species. Broken boxes indicate sequence homology 
between at least two species. Residues are numbered 
from the left-hand end of the secondary structure model 
for each RNA. VTMoV RNA 2 and SNMV RNA 2 share 
>90% sequence homology [l l] and the viruses are 
closely related serologically [4]. 
The virusords of VTMoV and SNMV share with 
all viroid sequences published a common sequence 
of GAAAC which is positioned in a central single- 
strand loop in each molecule (residues 86-90) [ 111. 
However, this sequence in LTSV RNA 2 occurs in 
a highly base-paired region (residues 210-214, 
fig.2) which is positionally distinct. Furthermore, 
although LTSV RNA 2 exhibits only limited se- 
quence homology when compared individually 
with the virusoids of VTMoV and SNMV [l l] and 
of SCMoV [26], there is one small region of se- 
quence, structural and positional homology shared 
by the four known virusoids (fig.4). This involves 
a GAUUUU string (fig.4 (m)) between residues 
19-26 where residue 1 corresponds to the left-hand 
end of their respective secondary structure models. 
The broken boxes indicate sequence homology bet- 
ween the virusoids of LTSV and either one or two 
of the virusoids of VTMoV, SNMV and SCMoV. 
Whether or not this region of sequence homology 
reflects a functional relationship between the 
known virusoids remains to be determined since 
LTSV RNA 1 can support not only its own 
virusoid but also those of SNMV [27] and SCMoV 
(unpublished). 
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